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As  operational  impacts  from  buildings  are  reduced,  embodied  impacts  are  increasing.  However,  the  latter
are  seldom  calculated  in  the  UK; when  they  are,  they  tend  to be  calculated  after the  building  has  been
constructed,  or  are  underestimated  by considering  only  the  initial  materials  stage.  In  2010,  the  UK  Gov-
ernment  recommended  that a  standard  methodology  for calculating  embodied  impacts  of buildings  be
developed  for  early  stage  design  decisions.  This  was  followed  in 2011–12  by  the  publication  of the  Euro-
pean  TC350  standards  deﬁning  the  ‘cradle to  grave’  impact  of buildings  and  products  through  a  process
Life  Cycle  Analysis.ife  cycle analysis
esign  decision tool
radle  to grave
This paper  describes  a new  whole  life embodied  carbon  and  energy  of buildings  (ECEB)  tool,  designed
as  a usable  empirical-based  approach  for early  stage  design  decisions  for UK  buildings.  The  tool  complies
where  possible  with  the  TC350  standards.  Initial  results  for a simple  masonry  construction  dwelling  are
given  in  terms  of the  percentage  contribution  of each  life  cycle  stage.  The  main  difﬁculty  in obtaining  these
results  is found  to be the lack  of data,  and  the  paper  suggests  that the construction  and  manufacturing
ponsindustries  now  have  a  res
. Introduction
The last decade has seen increasing regulations for the reduction
f energy use and carbon emissions from the operation of build-
ngs. However, the embodied energy and carbon are not currently
he subject of regulation; in the UK these impacts are therefore
eldom calculated. In 2010, the UK Government Low Carbon Con-
truction Innovation and Growth Team (IGT) recommended that
mbodied impacts should be assessed at the feasibility stage of con-
truction projects to inform design decisions, and that an agreed
ethodology needed to be developed in order to do so [1].
During  2011 and 2012, a suite of voluntary standards on Sus-
ainability of Construction Works was developed by the European
tandards Technical Committee CEN TC350. Those related to
nvironmental performance have now been published in Europe
nd simultaneously as British Standards [2–4]. These deﬁne the
hole life impact of construction products, including buildings,
hrough a process life cycle analysis approach. While this method
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has frequently been applied to post-calculate the environmental
impacts of a constructed building, its application at feasibility
stage is less clear.
This  paper describes the design of a whole life (cradle to grave)
embodied carbon and energy tool for UK buildings (ECEB) to be
used at an early design stage, designed as a response to the IGT
and to comply where possible with the method described in the
TC350 standards. Initial results using the tool are given for a simple
masonry construction dwelling in terms of the percentage contri-
bution of each life cycle stage.
2. Theory/background
The embodied energy and carbon of buildings are commonly
measured using an adapted form of Life Cycle Assessment (LCA), a
method of analysing the environmental impacts of the whole life of
a  product. The International Standard ISO 14044:2006 [5] deﬁnes
the four key phases of LCA as ‘Deﬁne goal and scope’, ‘Life cycle
inventory analysis’ (LCI), ‘Impact Assessment’, and ‘Interpretation’.
The TC350 standards, in common with most current practice
[6], uses a process based approach to the life cycle inventory stage
Open access under CC BY license.of LCA. This method traces a range of environmental impacts of
all materials, components and processes which form a building.
However all life cycle analyses require a choice of boundaries, lead-
ing to inconsistencies. The method most commonly used in the UK
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Fig. 1. Life cycle stages from BS EN 15978:2011 Sustainability of construction works – Assessment of environmental performance of buildings – Calculation method [4]
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uapped against the equation used by the ECEB tool. Key: A4 Life cycle stage includ
onsiders only the greenhouse gas and energy impacts, and only
rom the product ‘cradle to gate’ stage (for example, see the RICS
eport [7] and tools such as Mott MacDonald’s LifeCYCLE [8]). Other
uthors have deﬁned ‘embodied’ impacts as including construction
nd refurbishment but not the end of life [9]. The TC350 standards
easure the ‘cradle to grave’ impacts, deﬁning four life stages as
1-3 Product, A4-5 Construction process, B1-7 Use, and C1-4 End of
ife (see Fig. 1). A further optional stage D is deﬁned to account for
he potential positive impacts of processing or re-using materials
nd components after the end of life. Only stage B1 (incorporating
6 and B7) describes the operational impacts which are the subject
f current UK and EU regulations. All other stages form the currently
nregulated impacts, and these are deﬁned in this paper as together
orming the embodied impacts. This paper, in common with most
K approaches, considers only the energy and carbon equivalent
mpacts, excluding the other environmental impacts which are also
escribed in the TC350 standards.
The speciﬁed boundaries in the TC350 standards omit the aux-
liary services associated with the construction of the building,
ncluding for example the impacts of the designers’ and contractors’
fﬁces, and of the ﬁnance, insurance, government administration
nd related ofﬁce buildings. An alternative LCI method, input-
utput (I-O) analysis, includes these services within a complete
ystem boundary, through an assessment of the total economic
r environmental inputs to and outputs from a speciﬁc industry
ector or sub-sector [10]. However, the I-O method assumes homo-
eneity of buildings, and equates carbon emissions directly with
nancial cost, thus (for instance) disguising the carbon beneﬁts
f ‘green’ materials with relatively high costs because of reduced
conomies of scale. These factors limit the use of the I-O method in
esign decisions for individual buildings. Some authors have there-
ore developed hybrid approaches in an attempt to overcome these
roblems [11,12]. Crawford analyses four different methods and
oncludes that results from the process-based method are often
nder 50% of the results using other methods [13]. This suggestsCEB tool.
that  the TC350 method may  substantially underestimate the true
embodied impacts.
Several  authors have published analyses of one or more build-
ing case studies, and others have collated these separate results in
an attempt to give a broad picture of embodied impacts [14–16].
However, Moncaster and Song [6] and others have pointed out the
inconsistencies in the methods and boundary conditions applied,
and in the data used.
An  alternative system boundary is deﬁned by the Strategic
Forum for Construction (SFfC) and the Carbon Trust in their
response to the Strategy for Sustainable Construction (SFfC) [17]
(see Fig. 2). The report deﬁnes the responsibilities of the con-
struction sector for the reduction of carbon emissions, rather than
calculating the emissions of discrete construction projects and has
a number of major differences from the TC350 process LCA. The ﬁrst
is that the ‘Product’ stage A1-3 in the TC350 standards is outside
the scope, as reducing carbon and energy in this stage is seen as the
remit of the manufacturing sector. However, other impacts which
are omitted by TC350 are included by the SFfC, such as impacts from
off-site ofﬁces and employee commuting. The importance of water
and waste treatment, and of the impact of construction plant, is
prominent, and off-site assembly is given a speciﬁc entry in the SFfC
diagram. The differences between the two approaches highlight
the importance of understanding not just the aggregate numbers,
but also the roles and responsibilities that different actors have for
reducing impacts from different stages. The authors will return to
this issue in the conclusions.
This  paper has followed a number of other authors [18,19] in
considering both embodied carbon and embodied energy. Many
others choose to focus on just energy [9,15], or just carbon [20].
While the emission of carbon and other greenhouse gases form a
key environmental impact from construction, the impact of energy
use has additional economic and social impacts, which are the sub-
ject of the as yet unpublished parts 3 and 4 of BS EN 15643. The
TC350 standards (for example, BS EN 15804 section 7.2.4 [3]) also
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equire that both carbon and energy impacts should be evaluated
n an environmental LCA.
Rather  than assessing the embodied impacts of individual build-
ngs after construction [19,21], the ECEB tool proposes an adapted
rocess LCA for use as a design-decision tool at the feasibility design
tage. There are two practical problems with conducting this type
f analysis for a building at such an early stage. The ﬁrst of these
s the individual bespoke nature of most buildings. Unlike factory-
abricated products, the materials and processes will be different
or every project, and many will not be speciﬁed until much later
n during design, some not until the project is on site. The ECEB tool
as developed as part of the Butterﬂy tool [22] which generates an
ssumed list of building components with quantities from limited
easibility stage information; alternatively the list can be manually
reated.
Second is the dearth of data, for all life cycle stages. In the UK,
here has been no culture of manufacturers of construction mate-
ials and components calculating and publishing the whole life
nvironmental impacts of their products, although it is hoped that
his will change with the publication of BS EN 15804 [3]. In addition
any aspects of the UK construction industry, including the use of
ub-contractors for different construction packages and a culture
f commercial conﬁdentiality, make data on waste and site energy
se scarce. At present the database incorporated in the ECEB and
utterﬂy tools uses the Bath ICE database [23] for the product stage
or most components, with additional information from individual
anufacturers’ data for a few composite components. The database
s fully referenced and the authors are happy to provide a copy on
equest. An explanation of the approach used to develop data for
ubsequent stages is given in sections 4.2–4.5.
The collection, assessment and maintenance of accurate and
ransparent data is one of the key hurdles to the assessment of
mbodied energy and carbon of buildings, and one of the aims
f the CEN TC350 is to encourage the development of this data
cross Europe. At present the database included in the ECEB tool
ncludes the most comprehensive and up to date sources for theect physical boundary’, SFfC and Carbon Trust report p. 20 [17].
manufacture  of construction products used in the UK, as described
in more detail in the following paper. A few databases currently
exist which are regularly updated with current data, and these
are available on annual subscription [6]. These could be used
as an alternative linked database for the ECEB tool. A further
international collaboration is currently developing guidelines on
data sources, methods and case studies as part of the International
Energy Agency ECBCS programme, to inform routes to reducing
embodied energy and carbon from buildings [24] and to encour-
age the development and open access publication of data. It is
hoped that with the application of the new standards and the
development of the IEA guidelines, data will become increasingly
available, transparent and comprehensive.
The method used in the ECEB tool can be summarised in Eq.
(1) below. Following TC 350 methodology (Annex A [4]), the build-
ing being analysed is divided into assemblies (e.g. external wall),
which are further divided into elements (e.g. masonry cavity con-
struction), which are then divided into components (e.g. bricks).
For a building composed of a number n of components (comp) the
equation for the whole life embodied carbon (EC whole life) used
in the tool takes the following form:
EC whole life =
n∑
i=1
EC mat(comp)i +
n∑
i=1
EC transp(comp)i + EC constr
+
n∑
i=1
EC reﬁrb(comp)i + EC endlife − EC recover
(1)
where  (comp)i, is a particular component i = 1, 2, 3 etc., EC mat, is
the carbon emitted during the material production stage, EC transp,
is the carbon emitted due to transport of materials to site, EC constr,
is the carbon emitted due to the processes involved in construct-
ing the building, EC refurb, is the carbon emitted due to the repair,
refurbishment and replacement of components during the life time
of the building, EC endlife, is the carbon emitted due to the pro-
cesses involved in demolition and waste processing, and EC recover,
ergy a
i
u
i
e
f
3
d
3
(
m
a
g
e
m
b
l
t
a
c
i
3
c
t
e
t
t
f
l
p
p
i
i
r
a
f
e
n
(
t
t
a
a
w
n
o
p
3
m
a
wA.M. Moncaster, K.E. Symons / En
s the carbon credit which can be reclaimed due to certain future
ses of the materials.1
The terms are shown mapped against the TC350 life cycle stages
n Fig. 1. The embodied energy (EE) terms are similar to those for
mbodied carbon. Each term is discussed in further detail in the
ollowing sections.
.  Embodied energy and carbon traced back to cradle:
eﬁnitions
.1.  Embodied energy
In  accordance with the TC350 Standards, the embodied energy
EE) calculated by the ECEB tool is the total primary energy,
easured in kWh, consumed from direct and indirect processes
ssociated with a building over its lifecycle within the cradle-to-
rave life cycle boundaries. This includes all activities from material
xtraction, manufacturing, transportation, construction, refurbish-
ent and replacement, and disposal activities at the end of the
uilding’s life. It also includes the impacts from all material that is
ost at every stage. It excludes the ‘operational energy’ used within
he building when it is in use, for example heating, cooling, lighting
nd running appliances. The route tracing embodied energy back to
radle is shown in Fig. 3, and further details of the terms are given
n the section below.
.2.  Primary energy
The  ‘primary’ energy of a product is deﬁned as the total energy
onsumed (‘delivered’ energy) at the point of production, such as
he manufacturing plant, plus the additional energy that has been
xpended in order to extract and process the fuel and transport it to
he power plant (this applies to all fuels extracted at a distance from
he power plant, including for example fossil, nuclear and biomass
uels), the losses due to the efﬁciency of the power plant, and the
osses incurred in transporting the energy to the manufacturing
lant via transient energy carriers.
The energy embodied in the infrastructure, including the fuel
rocessing and power plants and distribution systems, is not
ncluded in this analysis. It should be noted that there is an anomaly
n the method when energy is produced by systems on site, such as
oof-mounted photovoltaic panels. In this case the system is treated
s part of the building, and the embodied energy used in its manu-
acture is included as it would be for any other building component,
ven though the energy produced is then transmitted through the
ational distribution system.
Energy  losses in fuel extraction, production and distribution
MJexpended/MJdeliveredfuel) can vary from 0.19 for crude oil to diesel
o  0.3 for natural gas piped from Western Siberia [25]. For elec-
ricity the losses at the generating and the distribution stages that
re used are the UK averages in 2010 [25]. The % ﬁgures for losses
t each stage shown in Fig. 3 are for typical fossil fuel energy path-
ays, to indicate the typical scale of losses that can occur and should
ot be used in any LCA analysis. Figures for a speciﬁc product will
bviously depend on the fuel mix  for that particular manufacturing
rocess.
.3. Feedstock energyA product may  also have an associated ‘feedstock’ energy, which
ay be partially released and recovered at the end of life stage of
1 The issue of the impact of choices after the end of life of the building is complex
nd  contested, and although the ECEB tool includes this stage as optional in common
ith the TC350 advice, it is not discussed further in this paper.nd Buildings 66 (2013) 514–523 517
the product, usually through incineration. The TC350 standards do
not speciﬁcally mention feedstock energy, but do list the renew-
able and non-renewable ‘primary energy resources used as raw
materials’ (p. 34 [3]) as parameters describing resource use. The
method described in this paper follows the method and reasoning
of the Bath ICE (p. 4 [23]), as the main source of data for the prod-
uct stage in the tool, by only including the feedstock energy derived
from non-renewable resources (such as petrochemicals used in the
manufacture of plastic products) within the calculation of primary
embodied energy content of materials. It does not include the feed-
stock energy derived from renewable resources such as timber as,
unlike the former example, this energy can be replaced over human
timescales. An estimate of 25% material lost as waste, and therefore
feedstock energy lost during the manufacturing process, is used in
Fig. 3 as an example. Any feedstock energy from a building product
that is recovered at the end-of-life stage and used usefully outside
the building system boundary may  result in an energy beneﬁt. Ben-
eﬁts outside the system boundary are included in Module D of the
TC350 methodology and are not considered in this paper; however
it is noted that care needs to be taken to ensure feedstock energy
is not double-counted.
3.4.  Embodied carbon
The  embodied carbon (EC) is the sum of fuel-related car-
bon emissions and process-related carbon emissions (i.e. non-fuel
related carbon emissions which may  arise for example from chem-
ical reactions) that occur over the life cycle of a building within the
boundaries of cradle-to-grave. Like embodied energy, this excludes
the ‘operational carbon’. The ECEB method described here, in com-
mon  with others, calculates the embodied carbon equivalent (ECe),
which includes the effects of emissions of all greenhouse gases
normalised by their relative warming effect in the atmosphere
with respect to CO2, giving their ‘global warming potential’ (GWP)
over a 100 year period. The most common and signiﬁcant green-
house gases emitted in the construction sector are CO2 (GWP of 1),
methane (CH4–GWP of 25) and Nitrous Oxide (N2O–GWP of 298)
[26]. The total quantity is measured in kg CO2e. This paper uses
the term ‘carbon’ throughout to mean embodied carbon equiva-
lent. The route tracing embodied carbon back to cradle is shown
in Fig. 4, and further details of the terms are given in the section
below.
3.5. Direct and indirect carbon emissions
Direct carbon emissions of a particular product are equivalent to
the annual emissions of greenhouse gases from the manufacturing
plant, normalised for their global warming potential, and divided
by the annual mass output of product, to get a value in kg CO2e/kg
of product. These emissions are largely a result of fuel combus-
tion at the manufacturing plant, but also include the effects of any
chemical reactions that result in emissions of greenhouse gases, for
example, the emission of CO2 in the production of cement when
limestone (CaCO3) is converted to lime (CaO).
In order to trace these impacts back to cradle, the indirect
emissions must also be included. These result from extracting, pro-
cessing and delivering the energy and fuels used, both renewable
and non-renewable, similar to the losses included in the calcu-
lation of primary energy. As for primary energy calculations, the
carbon emissions embodied in the infrastructure are not included
in the analysis. The carbon emissions from the delivered energy
will include the carbon impacts from the upstream processes and
losses that occur from the primary energy as in 3.2 above.
Raw  materials used in the manufacture of a product may  also
have a carbon content that has the potential to be emitted as CO2
but is not released during the manufacturing process. This can be
518 A.M. Moncaster, K.E. Symons / Energy and Buildings 66 (2013) 514–523
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Table 1
Table  of ‘C’ type components and their deﬁning metric.
‘C’ type component Windows HW cylinders Boilers, inc. biomass
PV panels Pumps, incl. GSHP, ASHP
SHW panels CHP
radiators  Wind turbines
Deﬁning metric Area (m2) Volume (m3) Power output (kW)
Table 2
Coefﬁcients for embodied impacts in module A5 construction based on ten housing
projects.
Construction stage Module A5A.M. Moncaster, K.E. Symons / En
 beneﬁt outside the system boundary. Consideration of this stage
s outside the scope of this paper and so sequestration of carbon
n timber products is not included in the results presented here.
sers of different databases and tools should be aware of whether
equestration is included or not, and of the arguments around this
omplex issue.
The  ECEB tool uses data published by the Departments of Energy
nd Climate Change (DECC) and of the Environment, Food and Rural
ffairs (Defra) for direct and indirect UK carbon emission factors
or fuels, electricity and transport modes [29]. This deﬁnes three
scopes’ of emissions as follows [29]:
Scope  1 - Direct emissions
Direct  GHG emissions emitted at the point of combustion of
fuels.
Scope  2 - Indirect emissions: electricity and heat
Indirect GHG emissions from consumption of purchased elec-
tricity,  heat or steam.
Scope  3 - Indirect emissions: other
Indirect emissions, such as the extraction and production
of  purchased materials and fuels, transport-related activities
in  vehicles not owned or controlled by the reporting entity,
electricity-related activities (e.g. transmission & distribution
losses) not covered in Scope 2, outsourced activities, waste dis-
posal,  etc.
The embodied carbon traced back to the ‘cradle’ is the sum of
missions in all scopes. The Scope 3 (indirect) emissions for diesel
re around 17% of the total emissions from all scopes, and 9% for
atural gas. Note that these ratios are analogous to the ‘energy cost
f delivered fuel’ as discussed in section 2.1, but the values are not
irectly proportional.
.  Calculations of impacts at each life cycle stage in ECEB
.1.  Product stage: TC350 modules A1-3
The ﬁrst life cycle stage, the product stage, calculates the ‘cra-
le to factory gate’ emissions for all components in the modelled
uilding.
The ECEB tool deﬁnes two types of building component. ‘M’  type
omponents are those which are made up of a single material. This
ype includes therefore the high mass structural components such
s concrete foundations, and timber, steel, concrete or masonry
tructural elements in the walls, ﬂoors and roof; an initial anal-
sis shows that about 90% of a typical building by weight is made
p of these component types. The process of calculation for these
n ECEB is as follows:
i.  A list of components and their number and size can be derived
by  one of two methods; either these can be input direct by a
user,  or they can be generated by a tool ‘Butterﬂy’ [22], which
develops  a default list of components from limited information
at  the feasibility stage.
ii. ECEB then determines the mass of material from volume and
density  data stored in the material database.
ii.  Embodied energy and carbon for the component is calculated
by  multiplying the mass by the embodied energy and carbon
coefﬁcients, also stored in the database.
The  equation for the ﬁrst term in Eq. (1) is therefore:n
i=1
EC mat(comp)i =
n∑
i=1
[Volume × density × coefﬁcient](comp)i
(2)Embodied energy (MJ) 151 MJ/m2 GIFA
Embodied carbon (kg CO2e) 9 kg CO2e/m2 GIFA
The second type of component is the ‘Composite’ or ‘C’ type,
formed from multiple materials, such as windows, ﬁxtures and
ﬁttings and services components. A similar process is followed.
However, the relevant metric for calculating the embodied energy
and carbon is no longer simply the mass of the component. For
some of these composite components, the embodied impacts have
been calculated by the manufacturer, and all that is needed to cal-
culate the total embodied impact is the number of components
in the building. For others there is currently only data for simi-
lar products (‘base components’), and for these components one
of three representative metrics has been identiﬁed (see Table 1).
For each component type a deﬁning coefﬁcient is then calculated
from the base component. For example for windows the rep-
resentative metric is area. The materials database includes the
embodied carbon of a speciﬁc 2 m2 window (the ‘base compo-
nent’) as 66 kg CO2e, and so the coefﬁcient for this type of window
becomes: 66 kg CO2e ÷ 2 m2 = 33 kg CO2e/m2. The ECEB method
then calculates the embodied carbon of a similar 4 m2 window
as: 4 m2 × 33 kg CO2e/m2 = 132 kg CO2e. Similarly for a speciﬁc
non-condensing gas boiler of power output 12 kW,  the embod-
ied carbon is given in the database as 216 kg CO2e. Therefore,
the coefﬁcient is divided by the power output to give a coef-
ﬁcient of: 216 kg CO2e ÷ 12 kW = 18 kg CO2e/kW. For a similar
non-condensing gas boiler of 24 kW,  the embodied carbon is then
calculated as: 24 kW × 18 kg CO2e/kW = 432 kg CO2e. While this
approach is clearly of limited accuracy, it is simple to implement,
provides a useful estimate at an early stage in the design before
components have been fully speciﬁed, and provides a necessar-
ily pragmatic approach to address the problem of lack of speciﬁc
manufacturer’s data for many components (Table 2).
The  expanded equation for the ﬁrst term of Eq. (1) for this mate-
rial type becomes:
n∑
i=1
EC mat(comp)i =
n∑
i=1
[Nr × metric(comp)
×  {coefﬁcient/metric}(base comp)](comp)i (3)
This stage contributes 50 and 54% of the total for embodied car-
bon and energy, respectively, for the modelled masonry residential
unit.
4.2. Transport: TC350 module A4
BS EN 15978:2011 clause 7.4.3.2 deﬁnes the boundaries for
transport of materials and components from the factory gate to site,
speciﬁcally including all materials lost or damaged during trans-
portation and assuming the inclusion of all materials subsequently
lost or damaged on site. This latter wastage, of materials on site,
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s estimated as a percentage increase against each material type in
he database, is included in the calculations of mass in stages A1-3
nd is carried through to the calculations for A4. This percentage is
erived from contractors’ site waste data and so does not include
peciﬁc allowance for loss during transport which will be returned
irectly to the manufacturer, which is therefore currently omitted
rom the model.
BS  EN 15978 also requires the inclusion of impacts from the
ransportation of construction equipment and plant to and from the
ite, but the ECEB method does not include these impacts due to the
ifﬁculties of allocating particular equipment or plant to individual
omponents.
The calculation for this phase multiplies the total mass includ-
ng site waste by distance travelled, and then by a Transport Mode
actor in MJ/tonne-km for embodied energy or kg CO2e/tonne-km
or embodied carbon, as follows:
n
i=1
EC transp(comp)i =
n∑
i=1
[mass × distance
×  transport factor](comp)i (4)
The distance that each component travels is calculated in one of
hree ways depending on the component. The ﬁrst is for a speciﬁc
roduct, usually a composite ‘C’ type component with one manu-
acturer, for which a UK postcode, or a country of origin if non-UK,
s included in the material database. The distance between this
ocation and a site location, entered as a post code by the user, is
alculated by converting the postcodes into coordinates, and mul-
iplying the straight line distance between the two by a factor of
.25 to allow for real distances by road. For international sources
CEB includes a table of distances between the UK and all other
ountries. The tool is capable of calculating multiple journeys for
hese components, with default ports of entry speciﬁed as Dover for
oad freight and Felixstowe for all shipping imports. The secondary
ransport distance is then calculated between this point and the
ite location. The tool can also accept a user-deﬁned third distance
f the manufacturer’s location to the export port in the country of
rigin.
The second case is where components are commonly provided
y a discrete number of manufacturers, for which an average loca-
ion is estimated. The calculation of distance travelled is then the
ame as above.
The  third case is for components which are generally available
ithin a small distance of most sites, including aggregates and
eadymix concrete, for which a default distance is used.
The  transport mode factors are taken from the Guidelines for
reenhouse Gas Reporting published by the UK Government [29]
here they are provided in the form of kg carbon per tonne of
aterial transported per km travelled (kg CO2e/tonne-km) for each
ransport mode. Direct and indirect carbon emissions are deﬁned
n this document as follows:
Scope  1 - Direct emissions
Direct  emissions of CO2, CH4 and N2O from the combustion of
fuel  from owned/controlled transport.
Scope  2 - Indirect emissions: electricity and heat
Not  relevant for transport emissions therefore not used.
Scope  3 - Indirect emissions: other
Indirect emissions associated with the extraction and transport
of  primary fuels as well as the reﬁning, distribution, storage and
retail  of ﬁnished fuels.
Transport mode factors for energy impacts are not provided
n these guidelines, but information provided in the Europeannd Buildings 66 (2013) 514–523
Commission Well-to-Wheels study [30] on the carbon emissions
per energy content of each fuel type is used to calculate transport
energy mode.
In  accordance with the CEN/TC 350 process analysis methodol-
ogy, the energy and carbon impacts are only evaluated for the fuel,
and do not include the embodied impacts associated with trans-
port infrastructure or manufacture of vehicles. Complex logistics
and distribution networks are not accounted for in the ECEB model,
but return journeys made by empty HGVs once materials have been
delivered are included in the transport mode factors.
This stage contributes 9 and 10% of the total for embodied carbon
and energy respectively for the modelled masonry residential unit.
4.3. Construction: TC350 module A5
The system boundary for the construction phase is set out in
BSEN 15978:2011, section 7.4.3.3. It includes all processes carried
out on site from start to end of construction works, as well as the
production, transportation and management of site and construc-
tion waste.
The  impact of production and transportation of materials that
are subsequently wasted during construction (i.e. the ‘upstream’
impacts) are already included in ECEB by incorporating a mate-
rial waste factor in the initial quantity calculations. The energy and
carbon impacts of dealing with this wasted material ‘downstream’
from construction is difﬁcult to evaluate, given the uncertainty sur-
rounding ﬁnal destination of waste, and potential for recycling, and
these impacts are not currently included. The transport impacts
of construction plant and equipment to and around site are also
excluded at present as again there is currently a lack of data avail-
able to make robust estimations of this impact.
The calculation in ECEB for this life cycle stage is currently esti-
mated using data of total energy used on site during construction
from case study projects of eleven multi-residence buildings pro-
vided by Willmott Dixon, part of the project Butterﬂy research
consortium. Energy use data was recorded by reading electricity
and gas metres, and keeping records of diesel consumption, includ-
ing all main contractor and subcontractor use for all construction
processes. Outlying data from one of the projects was excluded
from the analysis as a large and non-typical amount of extra energy
was consumed when drying out a timber frame following severe
wet weather. The site energy consumption was converted into pri-
mary energy and CO2 emissions, traced back to cradle using the
conversion guidelines for direct and indirect carbon emissions and
data for energy losses in fuel pathways. These were converted into
benchmark ﬁgures for energy and carbon per m2 gross internal ﬂoor
area (GIFA).
The  equation for this term of Eq (1) is:
EC constr = [building area × construction factor] (5)
The  accuracy of the coefﬁcients can be improved through the
collection of more data for different building typologies and sizes,
different site waste and energy management scenarios, and differ-
ent site conditions.
For  the modelled residential unit this phase contributes 3 and
5% of the total embodied carbon and energy impacts, but the ﬁgures
should be treated with considerable caution due to the very limited
data for developing the construction factors.
4.4. Repair, replacement & refurbishment: TC350 modules B3-5The  use stage of BS EN 15978:2011 incorporates modules B1-B7,
covering the period from the practical completion of the construc-
tion work to the point of time when the building is deconstructed
or demolished.
ergy and Buildings 66 (2013) 514–523 521
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Table 3
Coefﬁcients for embodied impacts in module C1 demolition based on ten housing
projects.
Excavation and demolition Module C1
 coe
ctorA.M. Moncaster, K.E. Symons / En
Module B1 encompasses the impacts and aspects arising from
he normal conditions of use of the building, and the majority is
ncluded in energy use and resultant carbon emissions within the
uilding during occupation (module B6) and the energy and car-
on impacts of water use (module B7). These impacts form the
egulated operational energy and carbon impacts, which are mod-
lled separately as part of the UK Building Regulation requirements;
hey do not therefore form part of the embodied energy and carbon
alculations of ECEB.
Module  B2 covers maintenance, and examples are given in
he standard such as painting windows and annual inspection
f boilers. ECEB is currently based on domestic dwellings, for
hich maintenance is heavily dependent on the residents and their
ifestyle choices. Therefore, these impacts have been excluded from
he ECEB model. This approach may  need to be reassessed using
ongitudinal case study data for non-residential buildings.
The  remaining modules in the ‘Use’ stage of the CEN/TC350
tandards, B3 Repair, B4 Replacement and B5 Refurbishment, are
alculated in ECEB. The boundary conditions are set out in BSEN
5978:2011, section 7.4.4.4–6.
For  each component that is replaced, module 4 impacts will
nclude the energy and carbon from the production and transporta-
ion of that component, taken from modules A1-3 and A4. As for
he original materials, the database is constructed to include an
llowance for waste materials.
An  allowance for the energy and carbon associated with the con-
truction processes of installing the replaced components is also
dded. This is calculated as a percentage of the total impact of the
onstruction stage, which is considered to be equal to the percent-
ge contribution of the replaced components to the product stage
odules A1-3.
The  equation is then of the form:
n∑
i=1
EC refurb(comp)i =
n∑
i=1
[
(EC mat  + EC transp + EC constr EC∑n
i=1
({design life/expected comp life} − 1)
]
(comp)i
The expected life in years of each component is derived from
he extensive database ‘CACTUS’ provided by BLP Insurance [31],
hich is based on real data from component failures in buildings.
his is incorporated into the ECEB materials database, and used to
alculate number of replacements for each component over the life
f the building.
The  impact of this stage, as a proportion of the whole life cycle
mbodied impacts, has been measured by other authors to be
etween 15% [32] and 30% [33] of the total for a domestic dwelling.
he impact will depend on the components used, with services
nd ﬁnishes providing the highest impacts for this stage; therefore
or a building type such as a laboratory which is heavily serviced,
ncluding the calculation of the impact of this life cycle stage will
ake more difference than for a building type with lower servicing
equirements such as a domestic dwelling. It will also be deter-
ined by the design life of the building used in the calculation; as
he building life increases, more replacements will be needed, and
oth the actual and proportionate embodied carbon and energy due
o this stage will therefore increase [32].
EC endilife [building area × demolition
+[(P2  + P3]mass × waste faFor the modelled residential unit, which has a design life of 50
ears, this phase contributes 17 and 26% of the total embodied
arbon and energy impacts.(comp)i
at(comp)i
×
(6)
Embodied Energy (MJ) 77 MJ/m2 GIFA
Embodied Carbon (kg CO2e) 5 kg CO2e/m2 GIFA
Further uncertainties in this calculation are due to the likely
reduction of carbon intensity of the UK fuel mix in the future [34]
(calculations for this phase are currently based on the 2010 UK fuel
mix), the replacement of components with future innovations for
which the impacts may  be quite different, and the unpredictable
nature of major refurbishment works. However, the uncertainty in
the actual ﬁgures should not prevent their calculation and use in
comparing design choices, as the impact of this stage is potentially
high.
4.5. End of life: TC350 modules C1-4
The boundary conditions for assessment in this phase are set out
in BS EN 15978:2011, sections 7.4.5 & 7.4.6, and further guidance
on quantifying impacts is found in section 8.7 & 8.8.
BS  EN 15978:2011 breaks the end of life phase into four sub-
phases, C1 Deconstruction/demolition, C2 Transport, C3 Waste
processing and C4 Disposal. C1 includes all energy used and car-
bon emitted on site during the process of demolishing a building,
including erecting site infrastructure, operating the plant to carry
out the demolition work and sorting of materials arising from the
demolition operations. As for the construction phase, the ECEB tool
estimates all these activities pro-rata to the size of the building
based on case study data, as shown in Table 3.
For calculation of modules C2-4, ECEB currently makes a con-
servative estimation of the proportion of waste (P1) reused on site
(mainly as hardcore), reprocessed off site (P2) and land ﬁlled (P3)
based on a report by Craighill and Powell [35]. The demolition waste
at the end of the building’s life is assumed to be equal to the mass of
material in the constructed building, not including the waste fac-
tor, and to have a similar breakdown by type. A preliminary study
of the ECEB results conﬁrmed that the great majority of the waste
by mass is hardcore or aggregate.
The  second phase, C2, models the transportation of waste mate-
rials from site. ECEB assumes all waste which is removed off site
travels 30 km to landﬁll or reprocessing plant by road on rigid HGVs,
and the energy and carbon transport factors are taken from the
main DECC/DEFRA GHG conversion document [3] as for the trans-
port of materials to site. The mass of waste removed from the site is
calculated from the total mass of the building materials multiplied
by the proportion removed (P2 + P3).
Phases  C3 and C4 include the impacts from waste processing and
disposal. ECEB has used data from two detailed reports from BRE
[36] and Craighill and Powell [35] to assess the energy and carbon
impacts of these phases through a waste factor.
The resultant equation for this term in Eq. (1) is:
fﬁcient] + [(P2 + P3)mass × distance × transport factor]
(7)For  the modelled residential unit this phase contributes 21 and
5% of the total embodied carbon and energy impacts, respectively.
The variation between carbon and energy is explained by the end
522 A.M. Moncaster, K.E. Symons / Energy a
Table 4
Preliminary ECEB results for masonry construction dwelling unit.
TC350 stage Embodied carbon (%) Embodied energy (%)
A1-3 Product 50 54
A4 Transport 9 10
A5 Construction 3 5
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C1-4 End of life 21 5
Total A-C 100 100
f life treatment of different waste materials including greenhouse
as emissions from landﬁll. The ECEB model assumes current UK
uel mix  and current practices for the end-of-life treatment of con-
truction materials. However, both the future decarbonisation of
he UK electricity supply through the gradual replacement of fossil
uels, and the land ﬁlling of organic materials producing greenhouse
as emissions, are likely to end. It is recommended that the energy
nd carbon for this life cycle phase should therefore be quoted
eparately from the previous phases.
. Discussion and conclusions
The  paper has described the detailed method used by a new
esign decision tool, ECEB, to calculate the whole life embodied
nergy and carbon of buildings, as recommended by the UK Gov-
rnment IGT report [1]. The IGT report called for a method which
ould be used as a design decision tool at feasibility design stage,
nd this is what the ECEB tool aims to fulﬁl, while also aiming to
ollow where possible the analysis set out by the European TC350
tandards, published in 2011 and 12 [2–4].
Preliminary calculations using the tool for a modelled basic
asonry construction dwelling unit with a design life of 50 years
ave demonstrated the proportion of total embodied carbon and
nergy attributable to each life cycle stage, as shown in Table 4.
The  method described in this paper provides an estimate of the
hole life, ‘cradle to grave’ embodied energy and carbon impacts,
alculated at the early stages of design. It therefore offers a more
omprehensive comparison of design options than methods which
ook only at the impacts of the initial ‘cradle to gate’ materials stage;
CEB includes also the carbon and energy impacts of the material
ransport to site, the construction method, the component dura-
ility and the end of life options. The preliminary results shown
n Table 4 suggest that calculating the expected emissions from all
ife cycle stages rather than focusing only on the product stage can
ncrease the embodied carbon by a factor of two. This is an impor-
ant ﬁnding because it demonstrates the importance of calculating,
nd reducing, embodied carbon and energy from buildings, and
hallenges the widespread belief that embodied impacts are neg-
igible compared with operational impacts. The results were for a
asic masonry construction dwelling; for other buildings the rel-
tive impact of different life cycle stages will be different, as has
een indicated through this paper. For example, the use of different
rimary construction materials, such as timber, will have a consid-
rable effect on the embodied carbon in the product and end of life
tages. A different building type, such as a heavily serviced labo-
atory, is likely to have a different proportion of whole life energy
nd carbon for the replacement stage.
‘Cradle to gate’ methods [7] and tools [8] still have an important
ole to play in offering a simpler and quicker comparison between
esign options, but the potential impact of the different life cycle
tages and their relevance to different building materials and types
hould be considered while using these simpler methods.The  paper concludes that for case studies of constructed
uildings, the TC350 process-based LCA approach can provide a
elatively accurate analysis of impacts for the initial life stages up
o the end of construction (modules A1-5) through collection ofnd Buildings 66 (2013) 514–523
real  data, and an approximation of the impacts during and after
the use lifetime of the building (modules B3-5 and C1-4). However,
there are some difﬁculties in using this approach for early stage
calculations to inform design decisions. Not only does choice of
components need to be estimated, so does their location of man-
ufacture and the likely construction processes, energy and waste.
The approximation of impacts during and after the lifetime of the
building then becomes even more uncertain.
The paper has further shown that analysis of whole life embod-
ied energy and carbon of buildings within the UK is considerably
restricted by the lack of data. The main gaps are in the manufac-
turers’ data for cradle-to-gate (modules A1-3) impacts of speciﬁc
products such as services components, in the assessment of energy
use and carbon emissions during construction (module A5), and
also that used at the end of life and in transport and process-
ing of demolition waste (modules C1-4). In the theory section an
alternative system boundary proposed by the Strategic Forum for
Construction [17] was  discussed. Many of the areas highlighted
above as having the least existing data also form the main respon-
sibilities of the construction industry as identiﬁed by this report
and as shown in Fig. 2. The construction and manufacturing sec-
tors must therefore now take the initiative to develop this missing
data.
As recommended in the IGT Report [1], embodied carbon and
energy should be calculated as part of the design information nec-
essary to make the right design decisions for buildings, as part of
a comprehensive energy and carbon reduction strategy. However,
calculations should not just be carried out at the early stages, but
should continue throughout the design and construction stages,
and through refurbishment and end of life, in order to optimise the
reduction of energy and carbon. Decisions taken at each stage will
depend on more accurate knowledge of the impacts of different
life cycle stages and of their potential for reduction; decisions will
also be made by a variety of stakeholders who  hold responsibil-
ity for different activities, including clients, designers, contractors
and facility managers. The Strategic Forum for Construction, for
example, has identiﬁed the reduction of carbon from the commut-
ing of site staff as an important issue for contractors, although this
is not an issue of such concern for designers and is not speciﬁ-
cally included in the TC350 method. These varying responsibilities
should be clariﬁed.
Until  more accurate knowledge has been developed, it will be
difﬁcult to determine which aspects have the highest potential
for the reduction of carbon emissions and energy use. It is now
therefore essential to develop this further knowledge. Work at
Cambridge will continue on reﬁning the method and approach of
the ECEB tool, and it is hoped that industry will support this initia-
tive.
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